Si-doped n-type Al x Ga 1Ϫx N alloys were grown by metalorganic chemical vapor deposition on sapphire substrates. We have achieved highly conductive n-type Al x Ga 1Ϫx N alloys for x up to 0.7. A conductivity ͑resistivity͒ value of 6.7 ⍀ Ϫ1 cm Ϫ1 ͑0.15 ⍀ cm͒ ͑with free electron concentration 2.1ϫ10
18 cm Ϫ3 and mobility of 20 cm 2 /Vs at room temperature͒ has been achieved for Al 0.65 Ga 0.35 N, as confirmed by Hall-effect measurements. Our experimental results also revealed that ͑i͒ the conductivity of Al x Ga 1Ϫx N alloys continuously increases with an increase of Si doping level for a fixed value of Al content and ͑ii͒ there exists a critical Si-dopant concentration of about 1ϫ10 18 cm Ϫ3 that is needed to convert insulating Al Currently, there is a great need of solid-state UV emitters for chem-bio-agent detections as well as for general lighting. In such applications based on III-nitride wide band gap semiconductors, highly conductive n-type AlGaN alloys with high Al contents are indispensable. Al x Ga 1Ϫx N alloys with high x are both very difficult to grow and to characterize due to their wide energy band gaps. Undoped Al x Ga 1Ϫx N alloys with high x (xϾ0.4) are generally insulating, 1,2 a fact that is directly correlated with a sharp increase of the carrier localization energy around xϭ0. 4. 3 Previously, n-type Al x Ga 1Ϫx N ͑x up to 0.58͒ with a conductivity ͑resistivity͒ of about 0.08 ⍀ Ϫ1 cm Ϫ1 ͑13 ⍀ cm͒ has been obtained by Si-doping. 4 More recently, by employing indium-silicon codoping approach, an n-type conductivity of about 5 ⍀
Ϫ1

cm
Ϫ1 has been obtained for Al 0.4 Ga 0.6 N epilayers. 5 However, to obtain short wavelength emitters (Ͻ300 nm), highly conductive n-type Al x Ga 1Ϫx N alloys with Al contents as high as 0.6 -0.7 are needed.
In this letter, we report our achievement of highly conductive Al x Ga 1Ϫx N alloys ͑x up to 0.7͒ by metalorganic chemical vapor deposition growth using Si-doping. Si-doped Al x Ga 1Ϫx N alloys ͑1 m thick͒ were grown on sapphire ͑0001͒ substrates with AlN buffer layers. The growth temperature and pressure were around 1050°C and 50 Torr, respectively. The metal organic sources used were trimethylgallium ͑TMGa͒ for Ga and trimethylaluminum ͑TMAl͒ for Al. The gas sources used were blue ammonia (NH 3 ) for N and Silane (SiH 4 ) for Si doping. The flow rates used for TMGa, TMAl, NH 3 , and SiH 4 were about 3, 15, 2000, and 10 sccm, respectively. For Al x Ga 1Ϫx N alloys (0.3рxр0.5) with a fixed Al content, the doping level was varied, from which we concluded that a critical Si dopant concentration (N Si ϳ1.0ϫ10
18 cm Ϫ3 ) is needed to convert insulating Al x Ga 1Ϫx N (xϾ0.4) to n-type. Highly conductive Al x Ga 1Ϫx N (0.5рxр0.7) alloys were then obtained by fixing the Si dopant concentration at 5ϫ10 18 cm Ϫ3 while varying the growth conditions slightly. The Al contents of Sidoped n-type Al x Ga 1Ϫx N alloys were determined by energy dispersive x-ray microanalysis and x-ray diffraction measurement as well as by the flow rates of TMGa and TMAl. The Al contents ͑x͒ determined by all three methods agreed within Ϯ0.02. The Si-dopant concentrations were determined by the flow rate of SiH 4 as well as by the variable temperature Hall-effect measurement at elevated temperatures (T Ͻ650 K). Additionally, secondary ion mass spectroscopy measurements were performed ͑by Charles and Evan͒ for selective samples to verify the Si-dopant concentrations. Atomic force microscopy and scanning electron microscopy were employed to examine the surfaces and revealed crackfree Al x Ga 1Ϫx N epilayers. Variable temperature Hall-effect ͑standard Van der Pauw͒ measurements were employed to measure the electron concentration, mobility, and resistivity of these materials. A deep UV (10 mW@195 nm) picosecond time-resolved photoluminescence ͑PL͒ spectroscopy system was specially designed to probe the optical properties of materials and device structures based on Al x Ga 1Ϫx N alloys with high x and hence serves as ''eyes'' for monitoring the material qualities of these materials. The picosecond time-resolved PL spectroscopy system consists basically of a frequency quadrupled 100 femtosecond Ti: sapphire laser with a 76 MHz repetition rate, a monochromator ͑1.3 m͒, and a streak camera with a detection capability ranging from 185 to 800 nm and a time resolution of 2 ps. 6 Table I summarizes the room temperature Hall-effect measurement results of the first batch of 25 Al x Ga 1Ϫx N samples (0.3рxр0.5). The general trends are that the conductivity of Al x Ga 1Ϫx N alloys increases with the Si dopant concentration ͑at a fixed value of x͒ and decreases with x ͑at a fixed value of N Si ͒. More detailed results for representative samples are discussed below. Figure 1 presents the Si dopant concentration (N Si ) dependence of the room-temperature ͑300 K͒ PL spectra of three Al x Ga 1Ϫx N samples with xϭ0.4, 0.45, and 0.5. Besides the shift of the peak positions (E p ) toward longer wavelengths at higher doping levels due to the effect of the band gap renormalization, we also observe a considerable increase in the PL emission intensity with increasing N Si . The improvement of optical quality by Si-doping has been observed previously in GaN epilayers [7] [8] [9] and GaN/AlGaN multiple quantum wells. 10 The relative PL intensities for Sidoped Al x Ga 1Ϫx N alloys seen here increase by about one order of magnitude when the Si dopant concentration is varied from 0 to 5ϫ10 18 cm Ϫ3 . For example, for xϭ0.45, the relative PL emission intensity increases from 5 to 37 and to 44 as the dopant concentration increases from 0 to 1 ϫ10 18 cm Ϫ3 and to 5ϫ10 18 cm Ϫ3 . The data shown in Table I are plotted in Fig. 2 for representative samples, showing the free electron concentration, mobility, and conductivity of Si-doped Al x Ga 1Ϫx N alloys ͑of three different Al contents, xϭ0.4, 0.45, and 0.5͒ versus Si dopant concentrations N Si . In resonance with the PL data shown in Fig. 1 , we see that the electrical properties also improve significantly with Si doping. Most importantly, Fig.  2 reveals that there exists a critical Si-dopant concentration for converting insulating Al x Ga 1Ϫx N (xу0.4) to n-type, and the critical dopant concentration is about 1ϫ10 18 cm Ϫ3 . We have investigated in more detail the influence of the Si dopant concentration on the carrier localization properties in Al x Ga 1Ϫx N alloys. This was accomplished by measuring the thermal activation energy of the PL emission intensity and the PL recombination lifetime as functions of Si dopant concentration. Figure 3 shows the Arrhenius plots of PL emission intensity of Al 0.45 Ga 0.55 N epilayers with different Si dopant concentrations. The solid lines in Fig. 3 are the least square fits of data with the standard equation that describes the thermal activation energy of the PL emission intensity:
where E 0 is the thermal activation energy of the PL emission intensity, which measures the effective carrier localization energy in this case. The fitted activation energies E 0 are also indicated in Fig. 3 . 18 cm Ϫ3 , followed by gradual decreases as N Si further increases. These results thus suggest that Si-doping reduces the carrier localization energy and that a sharp reduction in effective carrier localization energy occurs at around N Si ϭ1ϫ10
18 cm Ϫ3 . The results shown in Fig. 4͑b͒ thus corroborate the electrical data presented in Table I and in Fig. 2 . We believe that the n-type conductivity values we have achieved here for Al x Ga 1Ϫx N alloys ͑x up to 0.7͒ are sufficiently high for deep UV ͑ϳ280 nm͒ emitter applications. 
